Abstract. In order to investigate the effect of inlet splitter on pressure fluctuations in a double-suction centrifugal pump, three research schemes, including no splitter (scheme I), a splitter along the flow passage centerline (scheme II) and a splitter above the flow passage centerline in the suction (scheme III), were designed. The flow in the pump was simulated by commercial code FLUENT. The viscous Navier-Stokes equations were handled with an unsteady calculation and the sliding mesh technique was applied to take into account the impeller-volute interaction. Based on the simulation results, the hydraulic performance and pressure fluctuations were obtained and analyzed in detail. The hydraulic performance agrees well with the experimental results. The pressure fluctuations under three schemes are different. The maximum amplitude of the pressure fluctuations in scheme II is the minimum. For monitoring points near volute tongue, rotating frequency and its harmonies are dominant under three research schemes. The maximum amplitude of pressure fluctuations of three schemes are all at the blade passing frequency. In particular, the maximum pressure fluctuation amplitude of scheme II was less than that of scheme I and scheme III, which illustrated that it is effective to reduce the peak value of pressure fluctuations in double suction centrifugal pump by installing a splitter in the suction properly.
Introduction
Flow in centrifugal pumps is very complex and unsteady [1] . The unsteady flow, especially at off-design condition, would result in pressure fluctuation, which is very harmful for pump operation [2] . So, it is necessary to research the pressure fluctuations centrifugal pumps to improve its stability.
At present, two methods, experimental test and numerical simulation, are used to investigate the unsteady pressure pulsations in pumps. Although experimental test is reliable, it is very difficult to measure the pressure pulsations in pumps and high cost and more time will be wasted in it. With the rapid development of CFD technology, numerical simulation has gradually become the main method to research the inner flow in pumps. It is very useful and convenient to predict pressure pulsations.
Gonzalez and Chu [3, 4] pointed out that the interaction between the impeller and volute tongue has important effect on pressure fluctuation. Wang [5] performed the experiment of pressure fluctuation and vibration in a mixed flow pump and pointed that the peak value of pressure fluctuation peak was decreased gradually with the increase of flow rate. Jiang [6] investigated the relative position between volute tongue and diffuser vanes by CFD and pointed out that when volute tongue was located near the middle of two diffuser vanes, the peak value of pressure fluctuation was minimum. Yao [7] researched the effect of impeller blade distribution on the pressure fluctuation in a double suction pump and point out that pressure fluctuation can be reduced if the blade was staggered arrangement on the two sides of the double suction impeller. Jiang [8] analyzed pressure fluctuations in a centrifugal pump under different oblique angles of blade trailing edge according to the simulation results. Zhang [9] researched the effect of slope volute on pressure pulsation in a centrifugal pump. Parrondo [10] also investigated the effect of operation point on pressure pulsation in a centrifugal pump, and particular attention was paid to pressure amplitude at blade passing frequency. Yang [11, 12] pointed out it is an effective measure for reducing pressure pulsation to increase blade tip clearance. Several methods have been introduced to reduce the rotor-stator interaction, including the splitter blade and optimal design of the impeller and volute [13] . Based on a mixed SAS turbulent model, Si et al. [14] investigated pressure pulsation intensity in a centrifugal pump.
Although many literatures are listed on pressure pulsation in centrifugal pumps, all the researches mainly pay attention to the effect of impeller, volute and blade tip clearance. Up to now, there is little research about the effect of suction on pressure fluctuations in a double-suction centrifugal pump. Therefore, this paper focuses on the effect of inlet splitter on pressure fluctuation in a double suction centrifugal pump.
Research model, experimental tests and scheme

Research model and experimental tests
The research model consists of a double inlet impeller, a spiral volute and a suction chamber. The details of geometrical and operating parameters for the model pump are summarized in Table 1 , and its structure is shown in Fig. 1 .
Due to its high shaft power (about 1800 kW at rated flow), the model pump was tested under low speed and was driven by a variable speed electric AC motor controlled by a frequency converter. The pump performance was tested in the closed test rig schematized in Fig. 2(a) . The water was pumped from and returned to a 125 m 
Scheme
Three research schemes were designed to study the effect of the splitter in suction of the double-suction centrifugal pump on pressure fluctuation. All research schemes are shown in Fig. 3 . No splitter in the suction inlet was scheme Ⅰ. In scheme Ⅱ, there is a splitter along the centerline of flow passage in the suction. And in scheme Ⅲ, the location of the splitter is 0.06 m higher than the one of scheme Ⅱ. In order to reduce the effect of the shape and length, the splitter in scheme Ⅲ is the same as the one in scheme II. 
Mathematical model
Due to the complex geometry of the impeller, the asymmetric geometry of the volute case, the fluid viscosity and the rotor-stator interaction between the impeller and the casing, extremely complex turbulent flows are in pumps. For unsteady flow of incompressible fluid, the equation of continuity equation and moment conservation equations can be written as follows:
where is the static pressure, is the density and ( = 1, 2, 3) is fluid velocity. is the molecular viscosity, − is Reynolds stress. Two-equation turbulence models allow the determination of both, a turbulent length and time scale by solving two separate transport equations. The RNG -was adopted in the research. The turbulence kinetic energy, , and its rate of dissipation, , are obtained from the following transport equations:
In these equations, represents the generation of turbulence kinetic energy due to the mean velocity gradients. This term may be defined as = − . is the generation of turbulence kinetic energy due to buoyancy and is given by = .
represents the contribution of the fluctuating dilatation in compressible turbulence to the overall dissipation rate, which is defined as = 2 , where is the turbulent Mach number, defined as = / , and = is the speed of sound. The quantities and are the inverse effective Prandtl numbers for and , respectively. and are user-defined source terms, = 1.42, = 1.68.
Geometry and grid
Fluid domains of physical model were built by Creo 2.0. The discretization of the geometry was generated by the GAMBIT pre-process code. Extended section of suction inlet and volute outlet was built to reduce the effect of boundary conditions. The whole flow passage model was employed in order to calculate actual situation accurately. For grid generation, the pump was divided into six components. These six components are: (1) inlet extension, (2) volute casing, (3) clearance of wear-rings, (4) suction chamber, (5) impeller, (6) outlet extension. Structured hexahedral cells are generated to define the inlet, outlet and wear-rings clearance zones while unstructured tetrahedral cells are used to define the impeller, section chamber and volute. Computational model and mesh of the double suction pump are shown in Fig. 4 .
Taking the gird of scheme I as an example, and the head prediction as the standard, grid independency studies of scheme I was done by 4 kinds of different mesh density, Table 2 showed that by increasing the number of cells from 4.6×106 to 6.1×106, the variation of head predicted by four kinds of mesh density is about 0.4 %. So, the numerical results of scheme I can be considered as grid independent due to the little difference of predicted head. To take into account the computational resources and keep time costs under control, grid 1 was adopted to simulate. 
Boundary condition and solution method
The inlet boundary condition is set to be velocity-inlet, whose value can be given through the ration of flow rate and inlet area. The outflow boundary condition is assumed to be fully development flow, which means that the velocity distribution is uniform along the flow direction. The turbulent kinetic energy and the turbulence dissipation ε are provided directly.
Sliding mesh was used to define the interface between rotation impeller and stationary volute [15] . The no-slip condition was imposed in all the walls of the model. The standard wall function was used to solve the low Reynolds number flow in the near wall region.
The flow in the model pump was simulated by the commercial code Fluent, which use the finite volume method to solve the Reynolds averaged Navier-Stokes equations for 3D incompressible unsteady flow. Turbulence is simulated with the RNG -model. Second order upwind discretization was used to the convective and diffusive terms. The time dependent term scheme was second order implicit [16] . The pressure-velocity coupling was calculated by SIMPLEC algorithm.
Initializing the unsteady calculation with the steady solution, over 5 impeller revolutions are necessary to achieve the periodic unsteady solution convergence. In order to get enough time resolution for the dynamic analysis, the time step used in the unsteady calculation was set to be 1.6667×10 -4 s, which is 1/360 of impeller rotational period. For each time step, the convergence criterion was established in a value of 10 -4 for the scaled residuals. HOULIN LIU, KAIKAI LUO, XIANFANG WU, HUILONG CHEN, KAI WANG experimental head-capacity curve (no splitter). Good agreement of the head between calculated and experimental can be observed. The predicted head of scheme I is slightly lower than that of experimental ones under the low flow rate. The predicted head is higher than that of the experiment ones under the large flow rate. The relative head error between calculation and experiment values is less than 5 % under the low flow rate. Fig. 5(b) compares the numerical efficiency-capacity curves of three research schemes with the experimental head-capacity curve (no splitter). Under each of operating points, the predicted efficiency of scheme I is slightly lower than that of experimental one. The maximum absolute error value of efficiency is no more than 2.1 %. It indicates that the calculation is feasible for the double suction pump and can be used to perform detail analysis. In addition, for three research schemes, variation trend of performance curves are almost agreement. Comparing with head and efficiency in three research schemes respectively, the errors of head and efficiency are all less 1 % at each operating points. It shows that the splitter in suction inlet has little effect on performance of the double suction pump.
Analysis on static pressure and pressure fluctuation
In order to investigate the effect of inlet splitter on static pressure and pressure pulsation in chamber and volute of double suction pump, eight monitoring points was set (five monitoring points in suction and three monitoring points in volute). The symmetry plane ( = 0) was set to be the reference for other planes, as shown in Fig. 6 . Impeller inlet was in plane = 0.21. Five monitoring points in chamber were all in plane = 0.3 m. S1 is near the end of splitter, and monitoring S3 and S4 are near the tongue of suction chamber. S2 and S5 are symmetrically distributed on both sides of the tongue (Fig. 7) . Three monitoring points (V1, V2 and V3) were all in symmetry plane ( = 0). V1 and V2 are on base circle and V3 is near tongue (Fig. 8) . 
Static pressure analysis in suction
In order to analyze the effect of inlet splitter on static pressure in suction, plane = 0.3 m is considered. As shown in Fig. 9 , distributions of static pressure under three schemes on plane = 0.3 m are uniform. Low pressure area near Central orifice against tongue position is observed.
Pressure gradient from inlet to central orifice is uniform change. It can be concluded that the design of suction for the double suction pump is available. Compared with three research schemes, high pressure concentration appears at tongue position in scheme I and scheme III (location 2). Uniform distribution of averaged static pressure can be observed around central orifice in scheme II. It shows that pressure distribution could be improved by installing a splitter at an appropriate position in suction. At location 3 in scheme I low pressure area is observed, and it does not appear in scheme II and III. It indicates that cavitation performance of double suction pump can be improved by adding a splitter in suction. 
Analysis of peripheral velocity in suction
21 is considered to analyze the effect of inlet splitter on peripheral velocity in impeller inlet, as shown in Fig. 10 . Distribution of peripheral velocity under three schemes is all consistent. Gradually increasing of velocity gradient along the radius around peripheral direction is observed. It shows that forced vortex theory is well satisfied, which means that with the increase of the radius, the velocity increases gradually. High velocity region is shown at bottom right of tongue position.
Compared with three schemes, high velocity region at bottom right of tongue position in scheme II is minimum, which means the pre-rotation is smallest. It can be concluded that it is advantageous for peripheral velocity in impeller inlet by installing an inlet splitter at an appropriate position. 
Analysis of pressure fluctuation in suction
Because of the unsteady rotor-stator interference between the impeller and the volute, the pressure changes rapidly with the time in pumps, that is, the pressure pulsation. Pressure fluctuation coefficient is a physical quantity to characterize the magnitude of pressure fluctuation. Fig. 11 shows the pressure pulsation of each monitoring point under design flow rate in a impeller rotation period. axis in the coordinate system shows time, and axis is the pressure fluctuation coefficient , whose calculation formula is:
) .
(5) Fig. 11 . Pressure fluctuations of monitoring points for three schemes
As can be observed in Fig. 11 , with time variation the pressure fluctuations for three research schemes are complicate. For the same monitoring points in the difference scheme, the pressure pulsation is different at all. The maximum fluctuation amplitude of scheme I is at 0.27117 s, which is at a period of about 1/2 cycles. Maximum amplitude of pressure fluctuations in scheme II appears at the period of about 1/6 cycles, and that of scheme III appears at a period of about 5/6 cycles. It can be concluded that amplitude period of pressure fluctuation is affected by splitter directly.
For the same monitoring points, the maximum amplitude in pressure fluctuations of scheme II was 0.59 times than that of scheme I, and 0.89 times than that of scheme III, that is, the amplitude of pressure fluctuations in suction in scheme II is less than scheme I and scheme III. It means that the splitter along flow passage centerline could reduce the peak value of pressure fluctuations in suction.
For the different monitoring points in the same scheme, the pressure fluctuations are basically the same. Because monitoring point S3 and S4 are near the tongue (shown in Fig. 7) , the amplitude of pressure fluctuations at S3 and S4 are more drastic and large than that of the others. It may be caused by the blockage of the tongue in the suction.
Compared with pressure fluctuations of S3 and S4 in different schemes, the pressure fluctuation curve of scheme II and scheme III is more flat than that of scheme I, and the pressure fluctuation amplitude is smaller than that of scheme I.
At monitoring point S3, the maximum fluctuation amplitude of scheme I, scheme II and scheme III are 12410.3 Pa, 7388.8 Pa and 8067 Pa respectively. The maximum amplitude of pressure fluctuations in scheme I is 0.6 times that of scheme II, and 0.91 times that of scheme III. At monitoring point S4, the maximum amplitude of pressure fluctuation in scheme I, scheme II and scheme III are 11674.3 Pa, 6959.1 Pa and 10065.5 Pa respectively. The maximum amplitude of scheme I is 0.59 times that of scheme II, and 0.69 times that of scheme III. The fluctuation amplitude of scheme II is the minimum. It indicates that splitter has a prominent effect to reduce pressure fluctuation near tongue in the suction chamber (scheme II), but it is necessary to pay attention the location of splitter (scheme III).
Compared with monitoring points S1, S2 and S5 in the same scheme, trend of the pressure fluctuations are almost entirely consistent. The relative discrepancy of the maximum fluctuation amplitude is less than 1 %. It can be concluded that in each scheme at nominal flow rate, variation trend of pressure fluctuations along the direction of S1-S5 and S1-S2 are consistent. It means that the effect on the pressure fluctuations is not significant by rotor-stator interaction. For each monitoring point under three schemes, amplitudes of pressure fluctuations appear at the rotating frequency and its harmonic frequency. The maximum amplitude of pressure fluctuation is at blade passing frequency and decrease in turn at its harmonic frequency, as shown in Fig. 13(a)-13(c) . For each monitoring point, the maximum amplitude of pressure fluctuations in scheme II is smaller than that of scheme I and scheme III. As shown in Fig. 10(d) , at V1, V2, V3, the maximum amplitude of pressure fluctuations in scheme II are 0.95, 0.91 and 0.95 times that of scheme I, 0.96, 0.94, 0.95 times that of scheme III, that is, maximum amplitude of pressure fluctuations in scheme II is almost the same as that of scheme I and that of scheme III, it shows that the splitter has not significant influence on maximum amplitude of pressure fluctuation near volute tongue.
Analysis of pressure fluctuations in volute
For the same scheme at diffident monitoring point, amplitude of pressure fluctuation at V3 is larger than other monitoring points. That is, pressure fluctuation near tongue is the most violent in volute.
At low frequency region for V1, V2, V3, the maximum amplitude of the pressure fluctuation in scheme II and scheme III is lower than that of scheme I. It indicates that the maximum amplitude of pressure fluctuations at low frequency region in volute is reduced as installing the splitter in suction.
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Conclusions
In this paper, performance, static pressure and pressure pulsations of double suction pump has been calculated and analyzed. The main conclusions can be taken as follows.
1) Compared experiment results of double suction pump with calculated results, the good agreement is observed. It indicates that performance of the double suction pump could be predicted well by the model pump using commercial code FLUENT.
2) Cavitation performance of double suction pump can be improved by adding a splitter in suction chamber. 
